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Intensity ratios of characteristic deep cathodoluminescence CL bands at 4.6, 3.8, and 3.1 eV to the
near-band-edge emissions at 11 K of AlN epilayers grown by NH3-source molecular beam epitaxy
were correlated with the change in the S parameter of positron annihilation measurement, which
represents the concentration or size of Al vacancies VAl. Since the relative intensities of 3.1 and
3.8 eV bands increased remarkably with lowering supply ratio of NH3 to Al V/III ratio and growth
temperature Tg, they were assigned to originate from VAl-O complexes. The VAl concentration
could be decreased by adjusting V/III ratio and Tg, resulting in observation of fine excitonic features
in the CL spectra. From the energy separation between the ground and first excited states, the
binding energy of A exciton was determined to be 48 meV. © 2007 American Institute of Physics.
DOI: 10.1063/1.2748315
Aluminum nitride AlN is one of the suitable materials
for the fabrication of deep ultraviolet light-emitting diodes
LEDs and laser diodes, because AlN has a wide direct band
gap of 6.04 eV. Recently, a 210 nm electroluminescence was
demonstrated from an AlN p-i-n homojunction LED at room
temperature.1 However, its external quantum efficiency was
extremely low 10−6% . One of the reasons for this is the
presence of high-density nonradiative recombination centers
NRCs. Indeed, AlN suffers from difficulties in growing
high quality crystals due to the high melting temperature
3487 K2 and the absence of large-area lattice-matched
substrates: the density of threading dislocations TDs in AlN
epitaxial films grown by metal-organic vapor phase epitaxy
MOVPE on 0001 Al2O3 substrates is generally
1010–1011 cm−2.3 In addition, AlN epilayers often exhibit
characteristic deep emission bands in the energy range be-
tween 3 and 5 eV.4–7 They are invoked to be similar to the
yellow luminescence band at 2.2 eV in GaN and to be donor-
acceptor pair DAP recombinations associated with Al va-
cancies VAl Refs. 5 and 6 and/or defect complexes com-
posed of VAl and oxygen VAl-O,
4,6,7 although direct proof
for the presence of VAl and correlation between the deep
band intensity and VAl concentration has not been given yet.
Because Ga vacancies VGa in GaN have been shown
8 to
form NRCs in the form of VGa-X complexes, where X is
unknown, effects of VAl incorporation on the emission prop-
erties and the dependence of VAl concentration on the growth
parameters must be elucidated.
Positron annihilation8–12 is a unique and established
technique for detecting vacancy-type defects in semiconduc-
tors. An implanted positron annihilates with an electron and
emits two 511 keV  rays, which are broadened due to the
momentum component of the annihilating positron-electron
pair. Because the momentum distribution of electrons in such
defects is smaller than that in defect-free regions, the defects
can be detected by measuring the Doppler broadening spec-
tra of annihilation radiation. The resulting change in the
-ray spectra is characterized by the S parameter, which re-
flects the fraction of annihilating positron-electron pairs of
small momentum distribution. Since VAl and their complexes
are acceptor-type defects in AlN, they are the most probable
candidates of positron trapping centers. Therefore, S can be
used as a measure of density or size of VAl. For thin films,
characteristic S can be determined using a monoenergetic
positron beam,10,12 by which the mean implantation depth
can be adjusted.
In this letter, results of low temperature cathodolumines-
cence CL and monoenergetic positron annihilation mea-
surements on AlN epilayers grown by NH3-source molecular
beam epitaxy NH3-MBE are shown to correlate the relative
intensities of the deep CL bands and concentrations of O and
VAl. As a result of the decrease in O and VAl concentrations
by adjusting the supply ratio of NH3 to Al V/III ratio and
growth temperature Tg, fine excitonic features are eventu-
ally obtained in the CL spectra at 11 K of the improved AlN
epilayers having the TDs as high as 1.61010 cm−2.
Samples investigated were 0.7–1-m-thick AlN epilay-
ers grown on a 2-m-thick GaN epitaxial template layer
prepared by MOVPE on a 0001 Al2O3 substrate. Filtered
99.999%-pure NH3 and 99.9999%-pure metallic Al were
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used as the sources. The growth was initiated with a deposi-
tion of an AlN interlayer IL-AlN,13 which was
10–20-nm-thick AlN deposition at 270 °C followed by an
annealing at 900 °C in NH3 ambient. Then, AlN epilayers
were grown at 890 and 970 °C. The V/III ratio was varied
between 60 and 433 by varying the beam equivalent pressure
BEP of NH3 1.810−3 to 1.310−2 Pa with a fixed BEP
of Al 2.210−5 Pa. As a result of IL-AlN insertion, present
AlN epilayers did not exhibit macroscopic or microscopic
cracks. Noticeable change was not found in the surface
atomic force microscopy images of all the samples. How-
ever, the full width at half maximum FWHM value of the
asymmetric 101̄2 AlN diffraction peak of the x-ray rocking
curve 101̄2 took the smallest value for the sample
grown with V/III=150, and the value significantly increased
for V/III=60. The density of TDs having edge components
was estimated from the 101̄2 values
14 to be in the range
between 1010 and 1011 cm−2.
CL was excited with an electron beam operated at
3.5 kV with the emission current density of 1.5
10−2 A/cm2 at the sample. The emission was dispersed by
a 67-cm-focal-length grating monochromator, and phase-
sensitive detection synchronized to the beam blanking was
carried out using a GaAs:Cs photomultiplier and a solar-
blind detector. A monoenergetic beam line12 was used to de-
termine the S parameter as a function of positron acceleration
energy E, which determines the mean implantation depth of
positrons. The S parameter was defined as the number of
annihilation events for the -ray energy range 511±0.76 keV
over the total counts.
A series of CL spectra of the AlN epilayers normalized
to the near-band-edge NBE peak intensity at 11 K is shown
in Fig. 1. All the samples exhibited a NBE excitonic emis-
sion peak around 6 eV, of which details are discussed later.
The samples grown under low V/III ratio or low Tg, both of
which correspond to an insufficient nitrogen supply, exhib-
ited additional distinct deep emission bands at 4.6, 3.8, and
3.1 eV. A spectral broadening of the NBE peak was also
found for the sample grown under the lowest V/III ratio 60.
Relative intensities of these bands over the NBE emission,
I4.6 eV, I3.8 eV, and I3.1eV, respectively, showed an essential
decrease with the increase in V/III ratio and Tg, as shown in
Fig. 2a. These emission bands have been invoked to as
DAP recombinations associated with VAl Ref. 7 and/or
VAl-O complexes.
5–7 For example, a broad luminescence
band at 4–4.5 eV in AlN crystals with high O concentrations
1–101019 cm−3 has been assigned6 to a DAP emission
involving VAl
3−-3ON
+ complexes. Theoretical calculations have
predicted the presence of such defects in AlN.15,16 Lumines-
cence bands around 3.5 and 4 eV have been assigned5 to
DAP recombinations involving a shallow donor and a deep
acceptor, the latter being attributed to VAl
3− and
VAl-complexes
2−. On the other hand, the emissions at 4.6,
3.8, and 3.1 eV have been assigned to originate from VAl,
Si-related DX center, and O-related DX center, respectively.7
These previous assignments are qualitatively consistent
with the present results. Since the variation of I4.6 eV with
V/III ratio and Tg resembles that of the S parameter relative
concentration of VAl and/or VAl-complexes, as shown in
Figs. 2a and 2b, the band at 4.6 eV is assigned to origi-
nate from VAl. On the other hand, because I3.1 eV and I3.8 eV
showed stronger variations with the changes in V/III and Tg,
they would have another component in addition to VAl. As
their relative intensities greatly increased with the decrease
in V/III ratio and Tg, O is one of the probable elements: the
increase in V/III ratio increase in BEP of NH3 would re-
duce O incorporation through the competitive incorporation
into the group-V sublattice, and high Tg would also reduce
the incorporation of volatile O atoms. It should be noted that
the S parameter of the samples grown with V / III=150 was
the smallest, presumably because the surface stoichiometry
was maintained: the increase in V/III may result in N-rich
growth condition and the decrease in V/III may give rise to
donor O incorporation, which result in the formation of VAl
due to the Fermi-level effect.16 As the TD density in the
present samples exhibited positive correlations with I3.1 eV,
I3.8 eV, and S parameter, TDs may incorporate O and VAl.
According to Nam et al.,5 the electron energy of the VAl
3− level
is approximately 0.5 eV higher than that of the
VAl-complex2− level. Therefore, the bands at 3.8 and
3.1 eV might be assigned as being due to the emissions as-
sociated with VAl-complex2−-O and VAl
3−-O, respectively.
Judging from the large FWHM of the bands, they seem to
form DX centers.
As a result of the decrease in VAl and O concentration,
AlN epilayers exhibiting negligible deep level emissions
FIG. 1. Color online Normalized CL spectra measured at 11 K of AlN
epilayers grown under various supply ratios of NH3 to Al V/III ratios and
Tg. The epilayers were grown on 0001 GaN/Al2O3 epitaxial templates
using an AlN interlayer IL-AlN deposited at low temperature. FIG. 2. Color online a Intensity ratios of the deep CL bands at 4.6, 3.8,
and 3.1 eV to the NBE emission at 11 K of AlN epilayers as functions of
V/III ratio and Tg. b Doppler broadening S parameter, which is a measure
of the concentration or size of VAl, of the AlN epilayers as functions of
V/III ratio and Tg.
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were obtained, as shown in Figs. 1 and 3a. Since defect
complexes composed of cation vacancies VIII-X act as
NRCs in GaN and AlGaN,8 VAl-X may act as NRCs in AlN.
Indeed, the NBE emission intensity at room temperature of
the samples grown with V/III=150 Tg=970 and 870 °C
was greatly improved. High-resolution CL spectra of the
sample grown with V/III=433 and Tg=890 °C are shown in
Fig. 3b as a function of measurement temperature. Inset
shows the NBE spectrum at 11 K linear y axis. As shown,
the spectrum at 11 K exhibited two peaks at 6.022 and
6.030 eV, two shoulders at 6.045 and 6.081 eV, and a broad
peak at around 6.22 eV. Because the peaks at 6.022 and
6.030 eV showed faster thermal quenching than the shoulder
at 6.045 eV, they are assigned to the recombinations of ex-
citons bound to neutral donors D0 ,X. Silveira et al.17 have
determined the energies of free excitons as 6.029, 6.243, and
6.268 eV for A, B, and C excitons, respectively, from low
temperature optical reflectance spectrum of AlN single crys-
tals. According to the first-principles calculation of the band
structure, Li et al.18 have determined the energy separations
between A and B excitons 213 meV and B and C excitons
13 meV. Since the emissions at 6.045 and 6.22 eV became
dominant except for LO phonon replicas as temperature was
increased, they are assigned to the recombinations of free A
excitons and free B and C excitons, respectively. A slight
blueshift of the A exciton peak from 6.029 Ref. 17 to
6.045 eV is due to the compressive stress in our
AlN/GaN/Al2O3 epilayer, which was confirmed by x-ray
diffraction measurements. The shoulder at 6.081 eV is as-
signed to the recombination of the first excited state of A
excitons.19 From the energy separation between the ground
and first excited states, the binding energy of A exciton is
determined to be 48 meV.
In summary, CL intensity ratios of the deep emission
bands at 4.6, 3.8, and 3.1 eV to the NBE emission at 11 K of
the AlN epilayers grown by NH3-MBE were correlated with
the concentration of VAl, which was detected using the pos-
itron annihilation technique. As a result of the decrease in
defect and impurity concentrations by adjusting the growth
parameters, the improved AlN epilayers exhibited rich exci-
tonic features in the low temperature CL spectra. CL peak
originating from the first excited state of A excitons was
observed.
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